Abstract In this article, we reviewed several existing techniques that were capable of detecting local temperatures in the range of 2000-3500 K in a contact manner. These techniques included several non-standard thermocouples, Seger cones and ultrasonic meters. In particular, ultrasonic meters made of tungsten (W) wires were proven to be working well in nuclear plant for detecting the central temperature of reaction zone. We also presented two alternative approaches. One of them was a kind of singlemetal-based thermal sensor made from W, Mo and Ta wires, which utilized the size effect of Seebeck coefficient and theoretically applicable in contact mode measurement up to 3500 K. The other was a kind of detectors with micro-/nano-patterns, which utilized the size effect of surface melting point of bulky materials. This work should shed light on measurement approaches for ultrahigh temperatures in a variety of practical applications.
Introduction
Temperature (T) is a characteristic physical parameter that cannot be measured directly, because it is a term for describing the level of chaos at atomic and molecular scales. T is usually proportional to the average kinetic energy of atomic particles (atoms, molecules, ions, etc.), e k , in a system under test, i.e., e k = cÁk B ÁT, where c is a systemdependent constant and k B is the Boltzmann constant, 1.38 9 10 -23 JÁK -1 . Many optical techniques have been developed to measure high temperatures above 2000 K, namely optical fiber pyrometer, infrared thermometer, ratio pyrometer and radiation thermometer [1] [2] [3] [4] . These sensing techniques are based on the physical mechanism of irradiation, such as the black body irradiation, Wien's law and Stefan-Boltzmann law, and they work well with high accuracy. Unfortunately, in some unique situations, there might be no room for optical measurement instruments. For example, for measuring the surface temperature of a spaceship in its reentry process into the atmosphere, for monitoring and controlling the temperature of reaction zone of a nuclear plant, or for measuring the inner surface temperature of rocket nozzle, the surface temperature of ultrahigh speed aircrafts, etc., contact mode measurement could be the only choice.
To measure temperatures over 2000 K with a contact mode remains a technical challenge. Contact mode measurement is based on the so-called the zeroth law of thermodynamics, i.e., when a sensory subject is firmly connected to the subject under test for an efficiently long time, these two subjects would share the same temperature. And, to complete this task is an extreme technical challenge. The major reason of this challenge is the limited choices of materials for the thermal sensors that are sustainable in this temperature range of 2000-3500 K. For example, many conventional thermocouples will melt far below 2000 K. A secondary reason is that one should find a physical process or mechanism that works at the high temperature range and find one or two measurable parameters that change with the temperature. However, many physical properties of materials at this ultrahightemperature range are usually not well known.
Current contact mode thermal sensing techniques for ultrahigh temperatures
Currently, only a few kinds of techniques were reported for the temperature measurement with a contact manner at ultrahigh-temperature region of 2000-3500 K, i.e., non-standard thermocouples [5, 6] , Seger cones [7] [8] [9] , and ultrasonic techniques [10] . These methods are partially workable, depending much on the testing environments. Based on Seebeck effect, thermocouples are extensively applied in temperature measurements [11] [12] [13] [14] [15] [16] . The Seebeck effect refers to the phenomenon that a thermally induced stable and static voltage (DV) is measured across two ends of a piece of conductor or semiconductor when a temperature difference (DT) is established between the two ends, i.e., DV = S Á DT, where S is the Seebeck coefficient, which is usually determined by the distribution of state density near Fermi level of the material [17, 18] . A thermocouple usually consists of two metallic or semiconducting beams that have a measurable difference in their Seebeck coefficients (DS). The sensitivity and stability of a thermocouple rely on DS, as well as the stability of DS in different temperature regions. To measure ultrahigh temperatures over 2000 K, it also requires that the materials of the two leads could sustain in the testing process without melting or losing their thermopower.
As early as in 1960's, tungsten-rhenium (W-Re) thermocouples, in particular, W3Re/W25Re and W5Re/ W26Re, were evaluated for use in measuring temperatures in the range of 1900-3300 K in vacuum [19] . The results showed that W3Re/W25Re and W5Re/W26Re thermocouples showed a thermal shift of ± 50 K after 2900 K for 15 h. In another report, W/Re thermocouples were tested in the range of 2300-2800 K in furnaces with graphite heaters and an inductive heater [6] . Now, among commercialized non-standard thermocouples, several W-Re-based products have realized the repeatable and reliable measurement range to 2000 K and pushed the applicable up limit to 2800 K [20] . For Ir-Rh thermocouples, the applicable up limit is 2100 K [21] . At temperature region higher than 1000 K, the reported measurement accuracy for these products is ± 1% of the measured value.
Besides the thermocouples, an interesting technique called ''Seger cone'' was developed [9] . As shown in Fig. 1 , these sensors are made of ceramic materials consisting of glass components. They are fabricated into small cones and put vertically with a slight tilting angle (80°to horizon level, for instance) beside the subject undergoing heating processes. When the environment temperature increases to the melting point of the cones, their mechanical strength is reduced and the whole cone structure starts to bend in the gravitation field. Calibration is performed beforehand. By checking the bending angle and shape of the cones after cooling down, one will obtain the highest temperature of the system under test. Currently, commercial Seger cone arrays are capable of measuring temperatures up to 2300 K.
As shown in Fig. 2 , ultrasonic technique has been proven to be a unique approach for real-time measurement of ultrahigh temperature in some extreme working environments, such as the core of a nuclear reaction zone [22] . When an ultrasonic pulse propagated along a thin rod, its velocity was affected by the environmental temperature. The velocity of ultrasonic wave v(T) could be expressed as:
where T is the absolute temperature, E(T) is the Young's modulus of the sensor material and q(T) is the density of the material. The environment temperature can be deduced from the measured value of velocity along the thin rod. An ultrasonic thermometry system is composed of a pulse generator, a polarizing magnet, a magnetostrictive stub, a thin-wire (e.g., W) sensor, a sheath, a receive coil, an amplifier, an oscilloscope and a start/stop counter, as schematically shown in Fig. 2 . When a pulse generator produces a short-time pulse, the magnetostrictive rod transforms it into a narrow-band ultrasonic wave. The ultrasonic pulse propagates along the sensing element. When it encounters notches pre-built on the rod, a portion of its energy is then reflected. The reflected echoes are received by the received coil as part of the feedback signal and are transformed into an electrical voltage spectrum. The signals are amplified and transferred to an oscilloscope and assessed in the start/stop counter. Measuring the time interval between two adjoining echoes will give the average ultrasonic wave velocity of corresponding area, which offers the average temperature of the same area under test. When several discontinuities are pre-made along the probe, the temperature profile of the sensing element can be revealed.
A variety of sensor materials can be chosen according to various environmental conditions and certain temperature ranges. The maximum operation temperature of titanium (Ti) was reported to be 1080 K. Stainless steel and nickel-iron could be good candidate materials when the temperature was up to 1580 K. The ordinary operation temperature range of Re was from 1780 to 2880 K [23] . But the transmutation effect from Re to Os limited the application of Re as a sensor material. In current state of the art, thoriated W had been deemed as the only feasible material in the temperature range from 2880 to 3380 K [24] .
The ultrasonic thermometry sensors have advantages of simple structure, high stabilization, prompt response and high radiation resistance. Figure 3 presents one of the testing results. They could be applied to measure the temperature in harsh environments (e.g., in nuclear reactors) [25] . In a nuclear reactor, the ultrasonic thermometry sensors (UTS) frequently encountered the problems of decalibration due to the transmutation of sensor materials. The measurement error, generated by the structure changes (e.g., crystal dislocations) of materials under radiation, was diminished by the annealing effect at high temperature. Several methods had been developed to circumvent the problem of spurious echoes, which was led by the ''sticking effect'' of the wire sensor and its protection tube [26] .
Over the past decades, ultrasonic thermometry was still paid much attention and developed. Figure 4 illustrates an alternative ultrasonic thermometry measurement system recently developed by Chinese researchers [21] . Here, the magnetostrictive stub was substituted by piezoelectric transducers as the ultrasonic source and the iridium-rhodium (60% Ir-40% Rh) alloy served as the ultrasonic sensor material in this system. The experiments showed that the operation temperature range of this system was from 800 to 2500 K in oxidizing environments. Fig. 4 A schematic view of an alternative ultrasonic thermometry measurement system [21] 3 Size effect of Seebeck coefficient and its potential application for sensing ultrahigh temperatures
In recent years, an interesting phenomenon was reported. A size effect of Seebeck coefficient (S) was observed in a variety of metallic materials, from nano-sized thin-film stripes to micro-sized thin-film stripes, up to millimeter diameter wires, where the absolute S values of more than ten kinds of metals were found to reduce slightly from those of their counterparty bulks [27] [28] [29] . Here, we defined DS as the absolute difference of Seebeck coefficient of the thin-film stripe or thin wire samples to that of the bulky value, i.e., DS = |S sample -S bulk |. In 80-500-nm-wide thinfilm stripes, their DS values were measured to be 0.1-2.0 lVÁK -1 , depending on different kinds of original metals. In 30-100-lm-wide thin-film stripes, the measured DS values were in the range of 0.01-0.10 lVÁK -1 . Even in metallic wires with diameters from 0.1 up to 1.0-2.0 mm, an unexpected DS at the order of 1-100 nVÁK -1 was measured. Figure 5 plots the major experimental data.
These results indicated that the size effect of Seebeck coefficient was a universal phenomenon. But the length scales of 0.1-1.0 mm were larger than the mean free length (usually \ 1 lm) of electrons in these materials by a few orders of magnitude; therefore, it could not be well explained with current solid-state physics. Thus, this unexpected finding caused arguments [30, 31] . Yet it was repeatedly observed by several groups and has been applied in various thermal sensing devices [32] . It could be an overlooked phenomenon and needed further theoretical investigation. Figure 6 presents a typical measurement result of a device made of two Mo wires, one with diameter of 0.07 mm and the other with 0.70 mm. According to brown fitting line in Fig. 5 which showed the general trend, the expected DS value was around 0.05-0.07 lVÁK -1 .
However, in experimental data, the slope shown in Fig. 6 was around 0.23 lVÁK -1 , enhanced by 4 times. We believed that there were two effects co-played in this device. One was the size effect of Seebeck coefficient. The other was a slight difference in elemental components of the two Mo wires. Indeed, as shown in red markers, in devices made of two wires of different diameter, such enhanced DS values were repeatedly obtained in many samples. The results indicated that Seebeck coefficient was very sensitive to the impurity and defects of a metallic wire. This leaves a big room for making tailored wire couples as thermal sensing devices.
A thermocouple-like device with a thermopower (sensitivity) DS in the order of 0.01-0.10 lVÁK -1 is too small for normal thermal sensors, and the output is hard to measure. But when DT is in the order of 1000 K, the output DV becomes measurable, in the order of 10-100 lV, as DV = DSÁDT. It leads to a straightforward proposal for practical application of the slight size effect of Seebeck coefficient in thermal sensors.
For example, the sensor could be made of two tungsten (W) wires with diameters of 1.0 mm for W1 and 0.1 mm for W2, respectively, and we can tailor tiny difference in elemental composition of different wires so that they could have roughly the same melting point but enhanced difference in Seebeck coefficient. These two wires join at the junction region, which serves as the hot end in the measurement. For instance, when the temperature difference is 2000-3500 K between the two ends of the W1-W2 thermocouple sensor, the output of this sensor will read 10-17 lV, with DS of 0.05 lVÁK -1 . This read is high enough for measurement with a commercial nanovoltmeter. Figure 7a presents an illustration of such a thermal sensor sealed in a Th case. Such a W-Th device structure has been tested in the reaction zone of a nuclear plant, proven to be workable for ultrasonic sensors and sustainable in irradiation of extremely high intensity [22] . The difference is, for ultrasonic sensor, it needs a signal generator close to the core W wire, while for the proposed W-W sensor, a passive sensor, one only needs to measure the voltage output at the cold ends. In particular, the length of the two W wires is not limited. The W1 and W2 wires serve as both the body and leads of the sensor, as shown in Fig. 7b .
For different application environments, many materials could be listed as the core for the sensor shown in Fig. 7 , such as Mo, Ta, Re, Th and U.
4 Size effect of surface melting point and its potential application for sensing ultrahigh temperatures
We also propose here another alternative contact method for the measurement of ultrahigh temperatures. This method utilizes the geometric size effect of melting point for a solid material. It is well known that the surface melting point is lower than the bulk melting point because of less bonding connections of a surface atom to its neighboring atoms. Since the ratio of surface area over body volume is extremely high in nanomaterials, when a solid is made into nanoscale, the decrease in surface melting point becomes prominent and measurable [33] [34] [35] .
When the size of a solid nanoparticle is reduced to be less than 10 nm, its melting point decreases dramatically, as typically shown in Fig. 8 . In an in situ transmission electron microscopy (TEM) study, solid Pt nanoparticles of average diameter 6-7 nm started to melt at the temperature range of 700-800 K [36] , as shown in Fig. 9 , in spite of the fact that bulky Pt has a melting point of around 2040 K. This interesting phenomenon could be applied in recording the highest temperature point of a heating process. The sensor could be made of a high-melting-point material, as one of those shown in Tables 1 and 2 . An array of patterns in micro-and nano-scales could be pre-built on the surface of such a sensor. We thus expect that when the measured temperature is close to the melting point of the bulk material, there will be a series of changes remained in the micro-/nano-array of the structural patterns, both in the view of physical and chemical aspects, and these ''traces'' may offer valuable hints for the exact heating processes that have undergone. In this way, the sensor serves as a ''black box'' to the heating processes at ultrahigh-temperature zone. Since it is feasible to make the sensor from a series of materials whose bulk melting points span in the range of interest, we may therefore record more information with a multi-material sensor. In addition to the recording of the highest heating temperature, a bunch of interesting and fundamental problems may occur in the investigation.
In Tables 1 and 2 , we present not only the melting points of 24 elements, but also those for W-Ta, W-Mo and Re-Rh alloys. For instance, the melting point of W-Ta alloy covers a wide range of 3300-3700 K. This fact remarkably enlarges the choice range of materials for the proposed ultrahigh-temperature sensors. [34] Different measurement techniques may be suitable for different applications conditions. The proposed singlemetal, dual-beam sensors, may serve as well as the ultrasonic sensors in measuring the temperature of reaction zone, or measuring the surface temperature of a near-sun probe, where plenty of room is available for mounting the sensors, leads and measurement instruments. But for measuring the temperature of inner surface of a rocket nozzle, probably the proposed sensors working with the effect of melting point dependent on micro-/nano-shape of material may be more suitable.
Except the thermal effect, high-temperature-induced chemical effects may have huge influence on the physical performance and lifetime of all kind of contact mode sensors working at the ultrahigh-temperature range. In some cases, high pressure and intensive collisions may occur on the surface, for example, when measuring the surface temperature of a high-speed aerocraft. This adds more difficulty in the design, fabrication and measurement of the thermal sensors.
Conclusion
In this paper, we reviewed several available sensors for measuring ultrahigh temperatures in the region of 2000-3500 K with a manner of contact mode. They were a few non-standard thermocouples, Seger cones and ultrasonic sensors. The up limit of measurable temperatures was around 2800, 2300 and 3400 K, respectively. We proposed two alternative methods, i.e., single-metal dual-beam sensors working with the mechanism of size effect of Seebeck coefficient, and geometric shape sensors working with the Fig. 9 A study on melting phenomenon of 6-7 nm Pt nanoparticles with a transmission electron microscope [36] mechanism of size effect of melting point. Theoretically, these two novel methods may be applicable to temperatures up to 3500 K or higher, i.e., the up limit of bulk melting point of available materials on the earth. Investigation on these new sensor techniques may greatly push the development of space sciences, ultrahigh-temperature physics and material sciences.
